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We use a quantum variant of the Sagnac interferometer to argue for the quantum nature of gravity as well as
to formulate a quantum version of the equivalence principle. We first present an original derivation of the phase
acquired in the conventional Sagnac matter-wave interferometer, within the Hamiltonian formalism. Then we
modify the interferometer in two crucial respects. The interfering matter wave is interfered along two different
distances from the centre and the interferometer is prepared in a superposition of two different angular velocities.
We argue that if the radial and angular degrees of freedom of the matter wave become entangled through this
experiment, then, via the equivalence principle, the gravitational field must be non-classical.
PACS numbers: 03.67.Mn, 03.65.Ud
Einstein’s happiest thought of his life was that a falling ob-
server is actually an inertial one, i.e. that if we were placed
in a falling elevator we would not experience gravity. This
led Einstein to formulate the equivalence principle according
to which acceleration is locally indistinguishable from grav-
ity. Once that is established, it is clear that gravity can no
longer be a scalar, as it happens to be in Newtonian physics.
One number associated to every point in space (and every in-
stant of time) is insufficient to capture all the relevant aspects
of gravity since an accelerated observer, standing somewhere
away from the centre on a rotating disk, experiences not just
the centrifugal force (pushing her away from the centre), but
also the Coriolis force (therefore one needs at least two num-
bers associated with every point on the disk). When this argu-
ment is extended to generally accelerated frames, it turns out
one needs a two component tensor, known as the metric tensor
gµν , to describe fully the gravitational field.
We have previously used two massive particle interferom-
eters to argue that if the two particles only couple through
the gravitational field, any entanglement generated between
them would be evidence of non-classicality of the gravita-
tional field, [1, 2]. Now we will show that, following the
equivalence principle, we can make the same argument with a
single particle matter wave Sagnac interferometer, but with a
twist that the interferometer has to be prepared in a superpo-
sition of two different angular frequencies. This argument is
interesting for two reasons. The first one is that unlike in our
previous proposal, here there is only one interfering mass. The
superposition of geometries is created by the disk spinning in
a superposition of two angular frequencies. The second point
is that the entanglement created is between different degrees
of freedom of one and the same particle. However, if our argu-
ment is correct, it must also be mediated by geometry, which
therefore cannot be classical (if indeed it results in an entan-
gled state). Hereinafter, we will take the equivalence princi-
ple in the presence of superposed spacetime configurations to
mean that in each branch of the superposition gravity and ac-
celeration are locally indistinguishable. (There is currently a
wide debate about how to formulate the equivalence principle
in quantum theory [3–6], but here we assume this particular
version of the principle and explore its consequences.)
Let us first review the standard Sagnac matter wave inter-
ferometer, [7], but emphasising in the derivation of the inter-
ference the analogous nature of acceleration and gravity. The
metric on a rotating disk is given by:
gµν =

−1 + Ω2r2c2 0 Ωr
2
c 0
0 1 0 0
Ωr2
c 0 r
2 0
0 0 0 1

where Ω is the angular frequency of the disk, r is the coordi-
nate labelling the distance from the centre and c is the speed of
light. We can write the metric in the linear regime away from
the flat Minkowski metric as gµν = δµν + hµν , where hµν is
the deviation from the Minkowski metric δµν . In this notation,
the relevant linear element will be h00 = Ω
2r2
c2 . We will now
start the particle at some angle, a distance r away, and coher-
ently split it to take two different paths (in a superposition)
along the positive and negative directions (i.e. clockwise and
anti-clockwise).
The phase difference obtained along two paths that meet
after competing a full circle is given by
∆φ =
T00h00
~
t =
mc2
~
× Ω
2r2
c2
× 2pi
Ω
=
2m
~
×Ω×A (1)
where A = pir2 is the area enclosed by the interfering matter
wave. Here we have simply used the fact that the evolution
of the system is given by e−iHt where, in the linear regime,
the Hamiltonian is given by H = − 12T00h00. To the best of
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2our knowledge, our derivation here is original, even though
the result is well known.
As a side remark, it is fruitful to think of the phase in anal-
ogy with the Aharonov Bohm phase, where the role of the
B field would be played here by Ω. This is perfectly intuitive
since we can think of the magnetic field as a form of curvature,
just like the curvature that is responsible for the gravitational
field in General Relativity. The metric in this case plays the
role of the electromagnetic vector potential.
So far we have only described a single particle superposed a
fixed distance away from the centre of the rotating disk. Imag-
ine now that the particle is superposed across two distances,
r1 and r2, and that at each it completes interference (by be-
ing in a clockwise and anti-clockwise superposition - see the
figure).
Then at the end of the interference the state would be
ei
2m
~ ×Ω×A1 |r1〉+ ei 2m~ ×Ω×A2 |r2〉 . (2)
The detectable phase is then the difference between the two,
i.e. 2m~ × Ω1 × (A2 − A1). However, imagine further that
the disk is spinning in a state that is a superposition of two
frequencies Ω1 and Ω2 (just like an electron in an atom being
in a superposition of two different angular momenta). Then
the total state at the end of each complete interference is
ei
2m
~ ×Ω1×A1 |r1〉|Ω1〉+ ei 2m~ ×Ω2×A1 |r1〉|Ω2〉+ (3)
ei
2m
~ ×Ω1×A2 |r2〉|Ω1〉+ ei 2m~ ×Ω2×A2 |r2〉|Ω2〉 (4)
In our notation, the state |r〉|Ω〉 describes the radial and an-
gular state of the particle. The state is initially clearly a prod-
uct state of the two degrees of freedom (radial and angular,
being in a superposition of each), (|r1〉+ |r2〉)(|Ω1〉+ |Ω2〉).
However, for a carefully chosen radii and angular frequencies,
this state can after one circle become maximally entangled of
the form |r1〉(|Ω1〉+ |Ω2〉) + |r2〉(|Ω1〉 − |Ω2〉).
Discussion. In our previously proposed experiment [2],
the path entanglement between two interfering masses was
proven to be a witness of the fact that the mediating gravi-
tational field is non-classical. In the present experiment, both
degrees of freedom that become entangled belong to the same
particle. In this sense, it is at first hard to see what the me-
diator is. This becomes clear by considering that the spin-
ning disk generates a curvature in space: each spinning fre-
quency corresponds to a different curvature and therefore to
a different gravitational field. Therefore, witnessing entangle-
ment in this situation would, too, imply that the field has to be
quantum, if one assumes that acceleration and gravitation are
equivalent and that the equivalence principle satisfies linearity
of quantum theory (meaning that it holds in each branch of the
superposition). In order to explain the entanglement one has
to resort to the superposition of two different spacetime ge-
ometries, one for each frequency, (similarly to what described
in [10]). This is an important example of the generality of
our argument for the non-classicality of gravity as a mediator
of entanglement, where it becomes clear that the locality as-
sumption is to be intended more generally than in the context
of a propagator between spatially separated locations (see also
[8]).
A final thought-provoking remark: it might seem that the
experiment involving a superposition of different rotations
and different spatial locations is difficult to perform in prac-
tice. However, if we assume that the particle is an electron in
say the Hydrogen atom, and that this electron is superposed
across two different principal quantum numbers and across
two different orbital quantum numbers, we have basically ex-
actly the scenario we need. Then, δφ ≈ meΩA/~ ≈ 1, and
so we already have conditions in nature for the maximum en-
tanglement to be created via the mechanism we suggested.
If the equivalence principle holds in the form we have en-
visaged, then already some phases acquired in the ordinary
atomic physics situation would be a proof of the quantum na-
ture of gravity.
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FIG. 1: Schematics of the quantum matter wave Sagnac interferometer with two different radii and two different angular frequencies Ω.
The same particle undergoing matter-wave interference is in a nested superposition of r1 and r2 and interfers at each radius before being
recombined to yield the final state discussed in the text.
